On the production of dental parts by Lekeš, Jonáš
VYSOKÉ UENÍ TECHNICKÉ V BRN
BRNO UNIVERSITY OF TECHNOLOGY 
FAKULTA STROJNÍHO INŽENÝRSTVÍ 
ÚSTAV STROJÍRENSKÉ TECHNOLOGIE 
FACULTY OF MECHANICAL ENGINEERING 
INSTITUTE OF MANUFACTURING TECHNOLOGY 
ARTS ET METIERS PARISTECH 
CENTRE DE CLUNY
VÝROBA DENTÁLNÍCH NÁHRAD 
ON THE PRODUCTION OF DENTAL PARTS 
DIPLOMOVÁ PRÁCE 
MASTER´S THESIS 
AUTOR PRÁCE   Bc. JONÁŠ LEKEŠ 
AUTHOR 
VEDOUCÍ PRÁCE  prof. Ing. MIROSLAV PÍŠKA, CSc. 
SUPERVISORS  
Ing. DAVID PRAT
BRNO 2013   
Vysoké učení technické v Brně, Fakulta strojního inženýrství
Ústav strojírenské technologie
Akademický rok: 2012/2013
ZADÁNÍ DIPLOMOVÉ PRÁCE
student(ka): Bc. Jonáš Lekeš
který/která studuje v magisterském navazujícím studijním programu
obor: Industrial Engineering (2301T043) 
Ředitel ústavu Vám v souladu se zákonem č.111/1998 o vysokých školách a se Studijním a
zkušebním řádem VUT v Brně určuje následující téma diplomové práce:
Výroba dentálních náhrad
v anglickém jazyce:
On the production of dental parts
Stručná charakteristika problematiky úkolu:
Analýza soudobých tvarů zubních implantátů a jejich dalších součástí, přehled technologie výroby
vybraných součástí a její optimalizace.
 
Cíle diplomové práce:
Úvod
Analýza soudobých tvarů zubních implantátů a jejich dalších součástí
Návrh technologie výroby těchto součástí a její optimalizace
Rozbor dosažených výsledků
Závěry pro praxi
Seznam odborné literatury:
Thompson, S. A. An overview of nickel–titanium alloys used in dentistry. International
Endodontic Journal, 33,, 297–310, 2000.
J. Henry a, R.G. Hill.The influence of lithia content on the properties of fluorphlogopite
glass-ceramics. II. Microstructure hardness and machinability. Journal of Non-Crystalline Solids
319 (2003), pp.13–30.
Al-Shammery H.A.O.; Wood D.J.; Bubb N.L.; Youngson C.C.Novel machinable mica based glass
ceramics for dental applications . Glass Technology - European Journal of Glass Science and
Technology Part A, Volume 45, Number 2, 1 April 2004 , pp. 88-90.
Marti, A. Cobalt-base alloys used in bone surgery, Injury, Volume 31, Supplement 4, December
2000, pp. D18-D21, ISSN 0020-1383.
United State Patent 5,851,115.
Sury P, Semlitsch M. Corrosion behavior of cast and forged cobalt-based alloys for double-alloy
joint endoprostheses. J. Biomed. Mat. Res. 1978;12(5):723–741
Davids JR. Metals Handbook. ASM International; 1998;
Shetty RH, Ottersberg WH. Metals in Orthopedic Surgery. Encyclopedic Handbook of
Biomaterials and Bioengineering. 1995;1:
Bensmann G. An attempt to assess material suitability taking the example of hip endoprostheses.
Mat.-wiss.u. Werkstofftech. 1999;30:733–745
Haynes R, Crotti TN, Haywood MR. Corrosion and changes in biological effects of cobalt chrome
alloy and 316L stainless steel prosthetic particles with age. J. Biom. Mat. Res.
2000;49(2.):pp.167–175
Wilson CMG. In vitro biocompatibility evaluation and morphological description of fretting wear
debris from orthopaedic implant material. Doctoral thesis. University of Wales; 1999.
 
Vedoucí diplomové práce: prof. Ing. Miroslav Píška, CSc.
Termín odevzdání diplomové práce je stanoven časovým plánem akademického roku 2012/2013.
V Brně, dne 21.11.2012
L.S.
_______________________________ _______________________________
prof. Ing. Miroslav Píška, CSc. prof. RNDr. Miroslav Doupovec, CSc., dr. h. c.
Ředitel ústavu Děkan fakulty
  
Licenční smlouva 
 FME BUT MASTER´S THESIS  Page   4 
 
 ABSTRAKT 
 
Úvod  
 
    Tato práce se zabývá procesem a zlepšením kvality výroby zubních náhrad. 
Byla vytvořena za spolupráce s firmou, jejíž jméno nebude zmíněno a bude 
nazývána ALPHA. 
    Se zubními náhradami, implantáty a jinými pomůckami jako například 
rovnátka se lze v této době setkat prakticky od malička. Rostoucí zájem 
v posledních desetiletích je podepřen pečlivým vědeckým výzkumem jak 
v oblasti materiálové, tak v oblasti medicínské. Hlavními klienty je starší 
generace, sportovci, ale také lidé, kteří měli nějakou nehodu či nemoc. 
Používané materiály musejí být odolné proti únavovému namáhání a korozi a 
být dostatečně pevné. Co se týče oblasti materiálové, požadavky jsou kladeny 
zejména na takové materiálové složení, které v co nejmenší míře nebo nejlépe 
vůbec neovlivňuje vnitřní prostředí lidského těla. Takový materiál se nazývá 
biokompatibilní. Biokompatibilní materiály lze ještě seřadit do 3 skupin podle 
vazby s kostní tkání na: biotolerantní-vytvoří se tenká vrstva mezi kostí a 
implantátem; bioinertní-implantát je v kontaktu s kostí; a bioaktivní-materiál se 
aktivně podílí na vazbě s kostí. Zavedení zubního implantátu do kosti, který 
má mimo jiné šroubovitý tvar, musí doprovázet jev zvaný oseointegrace-kost 
obrůstá kolem implantátu a pomáhá tak jeho pevnému ukotvení. Takový 
implantát je pak schopen přenášet silové působení do kosti.  
    Biomateriály jsou takové materiály, které splňují medicínské normy a mohou 
být tudíž implantovány do lidského těla. Tyto normy (ASTM) popisují 
materiálové složení a mechanické vlastnosti daného biomateriálu. Ty 
nejčastěji používané jsou kovové materiály, keramika, polymery a kompozitní 
materiály. Tato práce se zabývá především kovovými materiály, jako jsou 
slitiny titanu a čistý titan, korozivzdorné oceli, chrom kobaltové a niklové slitiny. 
    Historie používání biomateriálů se datuje do 16. století, kdy se poprvé 
použily zlaté desky na spravení rozštěpu. Jako nejvíce žádoucí byly šrouby a 
destičky pro fixaci kostí. Hlavní pokrok nastal až ve 20. století, kdy na jeho 
začátku byla vytvořena komise ASTM na posuzování materiálů.  
    Korozivzdorné oceli se začaly hojně používat na fixaci mezi v 60. a 70. 
letech (zejména v kombinaci s kostními cementy), k jejich výhodám patří nízká 
cena a uspokojivé mechanické vlastnosti, nejsou však příliš biokompatibilní a 
proto se dnes používají výhradně jako dočasná fixace zlomenin. 
Nejrozšířenější korozivzdornou ocelí je AISI 316L (ASTM F 138, F 55).  
    Chrom kobaltové slitiny se používají od 30. let 20. století na výrobu 
dentálních náhrad. Jsou vhodné i jako kloubní náhrady pro svou vysokou 
pevnost. Také se dobře odlévají do komplexních tvarů, zejména technikou 
ztraceného vosku. Třískové obrábění těchto slitin je však dosti náročné a 
zdlouhavé, nevýhodou je i vysoká cena. Pro medicínský průmysl se používají 
tyto chrom kobaltové slitiny: Co-Cr-Mo (ASTM F 75), Co-Cr-W-Ni (ASTM F 
90), Co-Ni-Cr-Mo (ASTM F 562), Co-Cr-Mo (ASTM F 799). Tato poslední 
zmíněná je předmětem vrtání v praktické části. 
    Od 90. let 20. století se začínají používat slitiny titanu, které se mezi 
kovovými materiály prokazují být jako nejvíce biokompatibilní s dostatečnými 
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mechanickými a únavovými vlastnostmi. Komerčně čistý titan je rovněž 
používán, rozděluje se podle vzrůstajících vlastností do stupňů (Grades). 
Nejvíce rozšířenou a to nejen v lékařství je slitina Ti6Al4V. Tato slitina má 
dostatečné únavové vlastnosti, odolnost proti opotřebení a relativně nízký 
modul pružnosti (≈114 GPa) což je výhodné pro spojení s kostí, protože čím 
více se modul pružnosti kosti (≈17 GPa) a implantovaného materiálu přibližuje, 
tím lépe se pak přenáší silové zatížení. Oseointegrace u těchto slitin také 
probíhá výhodně, protože titan vykazuje 2 typy vazby s kostní tkání-bioinertní 
a bioaktivní. Tato slitina bude v praktické části taktéž vrtána.  
    Při obrábění titanových slitin dochází kolem ostří k vysokým teplotám a 
tlakům proto je třeba použít ostrý břit s pozitivní geometrií. Doporučuje se 
použití slinutých karbidů bez povlaku. Při vrtání dochází k zadírání vrtáku kvůli 
kontrakci vyvrtané díry, proto je nutné používat chlazení s příměsí chloru. To 
je důležité také kvůli možnosti vznícení titanu při obrábění. Obecně při 
obrábění titanu je třeba co nejvíce zmenšit vyložení nástroje a mít stabilní 
soustavu stroj-nástroj-obrobek. 
 
Části dentálních náhrad 
 
Implantát 
    Je to ta část zubní náhrady, která se ve většině případů zavádí do čelistní 
kosti a slouží jako opora pro další části. Implantáty můžeme rozdělit na 2 
skupiny: subperiostální-nezavádí se do kosti a jsou určeny pro pacienty 
s nedostatečnou či ochablou kostí; a nitrokostní-zavádí se do kosti, lze je 
rozdělit na čepelkové implantáty (blade implants) a kořenové implantáty (root-
form implants). Čepelkové implantáty mají tvar malého talířku s několika 
otvory a s oporou pro korunku. Kost po implantaci prorůstá otvory a pěvně jej 
tak ukotví. Kořenové implantáty mají tvar šroubu, který je po předvrtání díry do 
kosti zašroubován. Kolem závitu pak kost obrůstá. Vnitřní plocha implantátu 
se skládá ze styčné plochy a vnitřního závitu pro přesné ukotvení pilíře. Tato 
práce se zabývá implantováním kořenového implantátu, a proto se další části 
pojí k tomuto druhu implantátů.  
Pilíř (abutment) 
    Tato část spojuje implantát a korunku. Spodní část pilíře je výrobcem 
implantátů definovaná styčná plocha ve tvaru např. osmihranu či kužele. Tato 
plocha je shodná s vnitřní styčnou plochou implantátu a slouží tak k přesnému 
natočení pilíře. Horní část je protetikem vytvořená plocha, která má tvar, nikoli 
však finální, budoucího zubu. Skrz celý pilíř vede díra pro příslušný šroub. 
Šroub 
    Šroub pevně spojuje implantát a pilíř. Hlava šroubu má hvězdicový tvar pro 
speciální nástroj. Proti možnosti poškození závitu a blokaci v implantátu je 
šroub navržen tak, že jeho válcová část mezi závitem a hlavou má zmenšený 
průměr. Při překročení momentu při utahování se válcová část utrhne a 
dentista je schopen pomocí kleští takový šroub vytáhnout ven.  
Korunka 
    Korunka je poslední a jediná viditelná část zubní náhrady. Je často 
zhotovena z keramických materiálů kvůli estetickým účelům. Korunka je k pilíři 
přilepena. Měla by snášet výkyvy teplot (pití čaje a studených nápojů), mít 
vysokou pevnost a dostatečné únavové a třecí vlastnosti. Korunky navrhuje 
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taktéž protetik zároveň s pilířem. Při jejím návrhu musí protetik vzít v potaz 
okolní a protilehlé zuby, protože špatně navržená korunka by mohla 
přetěžovat buď implantát, nebo protilehlé zuby. 
Můstek 
    Je to část spojující a nahrazující více zubů. V případech, kdy chybí v řadě 
za sebou více zubů, je možné jen ty krajní nahradit implantáty a přes ty ostatní 
udělat můstek. Můstek lze použít také v případě jediného chybějícího zubu, 
kdy se jako opora použijí vedlejší zuby, které se musejí však upravit, aby na 
ně mohl být můstek přilepen. Takovéto řešení není z dlouhodobého hlediska 
moc výhodné, protože v místě chybějícího zubu začne ustupovat kost a okolní 
zuby se tímto ústupem mohou nepředvídatelně naklánět. 
 
Proces nahrazení chybějícího zubu 
 
    Proces bude popsán za použití kořenového implantátu, pilíř s korunkou 
budou navrhovány softwarově a proces výroby bude vysvětlen pomocí 
softwaru DentMILL.  
Práce zubaře 
    Zubař vybere podle velikosti pacientovy čelistní kosti vhodný implantát. 
V místě chybějícího zubu nařízne dáseň, a podle šířky a délky vybraného 
implantátu začne vrtat díru. Díra se vrtá postupně širšími vrtáky a zároveň se 
chladí, protože při překročení teploty 47°C se mohou poni čit kostní buňky-
osteoblasty. Jakmile je díra vyvrtána, implantát se zašroubuje do kosti a na něj 
se vloží součást zvaná healing cap, která slouží jen jako ochrana implantátu 
při jeho vhojení. Implantát potřebuje 3 měsíce (pro dolní čelist) až 6 měsíců 
(pro horní čelist) pro oseointegraci a zahojení dásně.  
Práce protetika 
    Protetik odejme healing cap a na jeho místo vloží součást zvanou transfer. 
Toto místo vyplní elastomerickou hmotou a vezme otisk i s ostatními zuby. 
Transfer tak zůstane v této hmotě. Na něj protetik umístí jinou součást zvanou 
analog a vše zalije sádrou. Získá tak sádrový model, kde je analog se stejnou 
orientací a úhlovým otočením jako implantát v pacientově čelisti. Analog má 
též stejnou vnitřní styčnou plochu jako implantát.  
    Sádrový model je připraven pro skenování na 3D skeneru. Pro rozeznání 
pozice analogu v sádrovém modelu, protetik na něj umístí součást zvanou 
scanbody. Tato součást má přesně definované rozměry plochy, které jsou pro 
skener snadno rozeznatelné. 3D skener převede sádrový model na 
numerickou součást v .stl formátu. Protetik nyní začíná navrhovat pilíř a 
korunku pouze pomocí softwaru. Aby bylo možno přesně určit pozici analogu 
v modelu (který na skenu nejde vidět), k viditelným plochám scanbody jsou 
v tomto modelu přiřazeny plochy součásti zvané scanmarker. S ním navíc 
protetik vybere takovou styčnou plochu pro pilíř, která odpovídá vnitřní styčné 
ploše implantátu. Tato styčná plocha se díky celému tomuto procesu umístí na 
správné místo v sádrovém modelu, respektive v pacientově čelisti. Na tuto 
plochu pak začíná protetik navrhovat pilíř a korunku. Jakmile skončí 
s návrhem, obě tyto součásti vyexportuje do .stl formátu a pošle je do výroby. 
Práce obraběče 
    Obraběč součásti vloží do DentMILLu, což je zjednodušený modul 
PowerMILLu pro obrábění zubních protéz. V tomto programu vybere výchozí 
 FME BUT MASTER´S THESIS  Page   7 
 
polotovar, používá se buď disk (pro můstky a složitější zubní náhrady) nebo 
kulatina (pro jednotlivý pilíř či jednoduchou korunku). V případě použití disků je 
v DentMILLu možné vložit více součástí a maximalizovat tak využití materiálu. 
Za použití PowerMILLu jsou pak vybrány vhodné nástroje a obráběcí 
strategie. Nevýhodou starších verzí DentMILLu a PowerMILLu byla 
nemožnost rozeznání díry v .stl modelu pilíře, proto nebylo možno používat 
vrtací strategie a tyto díry se dosud zhotovují frézami o průměru až 0,8 mm. 
Používá se jak 3-osé obrábění, tak 5-osé obrábění. U 5-osého obrábění může 
někdy nástroj vlivem složitého tvaru zubu narazit do polotovaru. Proto se často 
lokálně mění naklonění osy z pracovní roviny nebo se přechází do 3-osého 
obrábění. Výsledný NC program je postprocesorem převeden a poslán do 
stroje, který vyfrézuje požadovanou část. 
Práce protetika 
    Protetik všechny součásti vyčistí a opraví drobné vady (jako zbytky úchytů 
pro udržení v disku nebo kulatině). Pacientovi poté vloží pilíř na implantát, 
utáhne šroubem a přilepí korunku. 
 
Experimentální část 
 
    V první části se tato práce zabývá zlepšením kvality výroby styčné plochy 
pilíře s implantátem. V druhé části je pomocí dvou testů vrtání do slitin titanu a 
chrom kobaltu vybrán vhodný vrták pro zhotovení děr v pilíři. 
 
Rekonstrukce a export styčné plochy 
    Firma ALPHA poskytla databázi styčných ploch, které jsou používány 
protetiky. Tyto plochy jsou používány k návrhu pilíře a jsou ve formátu .stl. 
Kvůli jejich málo hustému síťování nelze při obrábění opakovaně dosáhnout 
dostatečné kvality. Bylo proto rozhodnuto, že součásti budou překresleny 
v aktivním formátu softwaru PowerShape a poté vyexportovány s hustějším 
síťováním. Proces bude vysvětlen na oktogonální spojovací ploše. 
    Styčná plocha byla změřena v programu CATIA. V programu PowerSHAPE 
byl nakreslen půdorys plochy, následně rotován kolem osy z. Oktogonální 
plochy byly vytvořeny vytažením. Součást byla změněna na solid a poté 
exportována do .stl formátu s téměř maximálním síťováním 0,00002. Tato 
plocha byla následně odeslána protetikovi. Ten provedl neúspěšný pokus o 
návrh pilíře kvůli špatné pozici pracovní roviny nové součásti v .stl formátu, 
která se nesprávně orientovala vůči scanmarkeru. Po rotaci a translaci 
součásti a jejímu následnému exportu byl protetikem navržen pilíř, který byl 
poslán do výroby, a firma ALPHA potvrdila úspěšnost této metody. 
 
Vrtací testy    
    Výroba průchozí díry o průměru 2,1 mm v pilíři je firmou ALPHA prováděna 
lineární interpolací. Je použito hrubování a dokončování frézou. Výroba takové 
díry podle informací z firmy ALPHA trvá 4-5 minut. Cílem tedy je v budoucnu 
nahradit tyto 2 frézovací operace jediným vrtáním.  
    Dva vrtací testy byly provedeny. První test byl COM (Couple Outil Matière, 
v překladu Pár Nástroj Obrobek), pomocí kterého v závislosti specifické řezné 
síly na řezné rychlosti a posuvu na zub lze určit nejmenší hodnoty stabilních 
řezných podmínek pro daný materiál. Druhý test byl test životnosti, kde byly 
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vybrány 2 vrtáky s nejnižší specifickou řeznou sílou a provedeny testy jejich 
životnosti za zvýšených řezných podmínek. 
Výběr nástrojů 
    Cílem bylo vybrat takové nástroje, které mohou obrábět 2 nejčastější 
materiály používané firmou ALPHA-chrom kobaltová slitina Co28CrMo a 
titanová slitina Ti6Al4V. Vrtaný průměr je 2,1 mm. Výhradně karbidové 
nástroje byly hledány. 
    Jelikož ale firma ALPHA nevlastní stroj s možností vnitřního chlazení, bylo 
nutno vybrat nástroje bez vnitřního chlazení. Zde však nastává problém, 
protože pro daný průměr vrtáku mnoho výrobců nabízí nástroje z rychlořezné 
oceli bez kanálků pro vnitřní chlazení a naopak nástroje ze slinutého karbidu 
s kanálky pro vnitřní chlazení. Také proto byl počáteční výběr redukován z 10 
na 4 výrobce. Vrtáky byly objednány v počtu 3 kusů od každého výrobce: 
Mikron tools, Sphinx, DIXI polytools, Walter Titex. Všechny nástroje jsou 
s povlakem TiAlN. 
Polotovar 
    7 kulatin o průměru 16 mm a délce 150 mm bylo použito, 3 z chrom 
kobaltové slitiny a 4 z titanové slitiny. Všechny tyto kulatiny byly obrobeny 
čelním frézováním, 3 mm byly odebrány z obou stran, aby vznikly pásky 
vhodné pro vrtání. Tyto pásky pak byly rozpůleny, aby mohly být vloženy do 
olejové lázně. 
Vybavení  
    Pro testy byl použit 5-osý stroj Mikron HSM 600U s ovládáním Heidenhein 
iTNC 530. Jako upnutí nástroje byly použity kleště BIG Daishowa, držák 
nástroje kužel HSK. 
    Pro zjištění specifické řezné síly bylo potřeba při COM testu měřit 
posuvovou sílu (Ff) a moment (Mc). K tomu byl použit dynamometr Kistler typu 
9272. Ten byl nadále spojen se zesilovačem a počítačovým softwarem 
DasyLab. Pomocí tohoto softwaru bylo možné měřit číselně hodnoty Ff a Mc 
při stabilní fázi vrtání. Všechny testy byly provedeny v olejové lázni s čistým 
olejem, poskytnutým firmou ALPHA. Pro test životnosti byl použit optický 
mikroskop KEYENCE VHX-S50, pomocí něhož lze pozorovat a měřit hodnoty 
opotřebení. Při testu životnosti byl rovněž použit skenovací elektronový 
mikroskop JEOL 5900 LV. S jeho pomocí bylo možné zjistit materiálové 
složení jakékoli oblasti a určit tak, zda se jedná o nános materiálu, povlak či 
SK. 
 
Test COM 
    Pro test COM byly vybrány tyto řezné podmínky: Pro Ti6Al4V: 10 děr s 
fz=0,04 mm/zub a vc [10,15,20,25,30,35,40,45,50,55] m/min, 7 děr s vc=40 
m/min a fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/zub. Pro Cr-Co: 9 děr s 
fz=0,04 mm/zub a vc [5,8,10,15,20,25,30,35,40] m/min, 7 děr s vc=25 m/min a 
fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/zub 
Hloubka díry 8 mm s přerušovaným řezem po 1 mm. 
    Pro každou danou rychlost bylo provedeno 8 měření Ff a Mc, z nichž se v 
potaz brala 2. až 6. střední hodnota stabilní oblasti při vrtání. Bylo vypočítáno 
5 hodnot specifické řezné síly Kc,f  a Kc,c  . Ze jejich středních hodnot se udělal 
aritmetický průměr a vyznačil do grafu. Křivka závislosti Kc na vc má tvar 
exponenciální klesající funkce. K nalezení nejmenší optimální rychlosti vcmin je 
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třeba proložit první přímku prvními 2 body a druhou posledními 3-4 body. 
Průsečík těchto přímek udává vcmin. K této hodnotě se však ještě přidává 10%. 
Pro zjištění nejmenší optimální hodnoty fzmin je postup stejný, avšak v potaz 
byla brána vždy jen 2. hodnota síly a momentu.  
Pozorování 
    S rostoucí hloubkou rostou hodnoty Ff a Mc. Zvláště u Ti6Al4V je hodnota 
momentu nenulová ještě před vrtáním, což je vysvětleno kontrakcí díry. 
Nájezd vrátku do řezu u hlubších je děr provázen náhlým skokem a poté 
poklesem Ff, což může být tříska na dně díry. Při vrtání Ti6Al4V nástojem 
Walter Titex došlo k zablokování vrtáku v díře a následnému zlomení. Nástroje 
od DIXI polytools a Walter Titex měly ve většině případů vyšší specifické 
řezné síly než Sphinx a Mikron tools, proto byly pro test životnosti vyloučeny.  
 
Test životnosti 
    Tento test měl zjistit průběh opotřebení nástroje na hlavním a vedlejším 
hřbetu. Byl proveden pro nástroje Sphinx a Mikron tools. Oba nástroje mají 
povlak TiAlN od firmy Oerlikon Balzers. Řezné podmínky: pro Ti6Al4V, vc=50 
m/min, fz=0,07 mm/zub; pro Cr-Co, vc=30 m/min, fz=0,06 mm/zub. Hloubka 
díry 8 mm, přerušovaný řez po 1 mm. Testy byly provedeny v olejové lázni s 
čistým olejem. Po vyvrtaných 10 dírách (80 mm) byl nástroj vyjmut ze stroje a 
pozorován optickým mikroskopem. Počet děr nebyl fixní kvůli maximálnímu 
využití polotovaru Po skončení testů a nejistému chování opotřebení na 
vedlejším hřbetě byly nástroje pozorovány skenovacím elektronovým 
mikroscopem (SEM). Pozorování bylo provedeno pro nástroj Sphinx po vrtání 
Cr-Co, a pro Mikron tools po vrtání do Ti6Al4V. 
Pozorování 
    U obou nástrojů pro vrtání do Cr-Co byla tříska dělená, do Ti6Al4V byla 
dlouhá a zůstávala zaseklá v drážkách vrtáku. Pozorování vedlejšího hřbetu 
optickým mikroskopem nepřineslo uspokojivý výsledek, protože už po prvním 
měření byl značně opotřebován, a od 4 měření nebylo možné s jistotou 
rozeznat opotřebení a nános obráběného materiálu. Pro měření opotřebení 
hlavního hřbetu jsou hodnoty relativní protože plocha hlavního hřbetu nebyla 
kolmá k pozorování. Také zde dochází k nárůstku, hodnoty opotřebení jsou 
brány rozlišovací schopností oka a proto jsou hodně orientační. 
    Oba vrtané materiály mají sklon k dělání nárůstku, což se potvrdilo 
analýzou na SEM. U obou vrtáků je povlak TiAlN, kvůli opětovnému 
nalepování a odlupování nárůstku v okolí řezné hrany, odstraněn, avšak u 
nástroje Mikron tools je tato hrana schopna pokračovat v obrábění. Při vrtání 
Ti6Al4V vyvrtal tento nástroj o třetinu větší hloubku než Sphinx. Špička vrtáku 
Mikron je při obrábění Cr-Co ulomena. Nástroj Sphinx je v obou případech 
citelně poškozen. 
 
Závěr pro praxi 
    Vrták od Mikron tools se prokázal jako nejvhodnější pro obrábění Ti6Al4V. 
Jeho nevýhodou však zůstává jeho téměř dvojnásobná cena oproti nástroji 
Sphinx. Ten naopak prokázal vyšší vcmin pro obrábění Cr-Co, ale znatelně 
menší životnost. Vzhledem k průběhu opotřebení na hlavním hřbetě byl 
nakonec vybrán vrták od Mikron tools. Jednoduchým výpočtem lze také 
spočítat výrobní čas jedné díry, který byl s vybranými minimálními parametry z 
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COM testu roven 12,7 s, což je výrazná úspora oproti hodnotě výrobního času 
frézováním udávané firmou ALPHA.    
    
Závěr 
 
    Tato práce popisuje části dentálních náhrad, lékařské pojmy, které se s nimi 
vážou a vysvětluje proces a problematiku koncepce a výroby těchto částí. 
První část experimentální části se zabývá zlepšením kvality styčné plochy 
pilíře zvýšením hustoty síťování součásti. Ve druhé části jsou provedeny 2 
testy vrtání a vybrán nástroj vhodný pro obrábění titanové a chrom kobaltové 
slitiny.  
 
 
Klíčová slova: Biokompatibilita, oseointegrace, zubní implantát, chrom 
kobaltová slitina, titanová slitina 
 
 
 
 
ABSTRACT  
 
This work makes an overview to a procedure of dental parts making. All the 
process of teeth restoration and oral environment scanning, design and 
production is explained. Materials investigated are Co, Ni and Ti-base alloys, 
stainless steels and ceramics. Metal alloys are treated more deeply. Notions of 
implant, implant abutment, crown, bridge and .stl file will be explained. First 
experimental part speaks about generation of native format from the .stl format 
and its exportation with sufficient level of meshing. Second experimental part 
speaks about possibility of hole making in implant abutment by drilling. For 
that some tool producers are discussed and evaluated. This study was done 
for a producer of dental parts but because of confidentiality reasons its name 
won´t be mentioned and will be named as ALPHA. 
 
 
Key words: Biocompatibility, osseointegration, dental implant, cobalt base 
alloy, titanium alloy 
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1  INTRODUCTION 
    Because of rising age of population and its rising need for orthopedic 
implants and other devices, the medical industry is developing very fast. More 
suitable materials, methods and also prices make it very interesting. The 
average age of patients demanding these devices is about 65 years, but in 
case of for example sportsmen or injured people after accident, this age could 
be even smaller. Dental implants and other devices used in oral implantology 
became popular and from childhood people are in contact with them. 
Nowadays it is not an exception to see a young person with a dental 
prosthesis. Production of parts for medical industry includes precise machining 
of small and complex parts from materials difficult to machine as Ti and Cr-Co 
alloys and stainless steels. Restoration of teeth can be various; this work 
develops the procedure with using an implant, pillar and a crown. 
 
1.1 Implantable materials 
    To implant a material into a human body environment, it has to fulfill many 
requirements. For that reason only a limited number of materials are suitable. 
In general, material mustn´t corrode and the properties have to stay the same 
for a long time. The requirements for materials are corrosion resistance, 
biocompatibility and satisfactory mechanical properties. [1]  
Just for imagination, the bone has modulus around 17 GPa, metals used in 
surgery have a modulus at least 8 times greater, so mechanically they are the 
most suitable. But the quality of osseointegration is better with approching 
modulus values of bone tissue and implant material. [2] [3] 
   Osseointegration-it refers to a structural and functional connection 
between bone tissue and the surface of a load-bearing artificial implant. [4] 
    Biocompatibility-“the ability of the material to be and remain biologically 
non-toxic during intended period of implantation and to resist the various forms 
of corrosive attack.” Corrosion means unintended reaction of implant material 
with the medium to which it is exposed. [5] 
    Biofunctionality-ability to perform a purpose of the implant-to support and 
to absorb the forces.  
Depending on the planned dwell time in a humam body, a distinction between 
short-term and long-term implants are made. Long-term implants will remain 
permanently in the body, short-term implants will be removed after a certain 
period of time. [5] 
     ,,Joint and tooth replacements belong to the group of permanent implants 
as compared to temporary implants like bone plates and other means of 
fracture fixation.,, [5] 
    Permanent or long term implants are intended to serve their purpose for the 
remaining lifetime of patient. Replacements have to transmit the forces either 
into or from one part of skeleton to another. The mechanical problems of 
implant insertion could be: Mechanical reliability of the implant, response of 
bone tissue to the stresses and strains, mechanics of the interface between 
the implant and the bone. Materials interact with the environment of the mouth; 
they corrode and release atoms and ions. This release could increases with 
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load changes and stresses (stress corrosion) and in many cases is toxic for 
the tissue. [5] 
    In vitro study [6] investigates how metal particles corrode and change under 
physiological conditions. Two metals were tested-CrCo alloy and 316L 
stainless steel. It was found that as the particles are formed they are toxic but 
after a few days they lose their toxicity in neutral pH.  
A number of materials with correct combination of properties is very limited. So 
the only possibility is a use of biocompatible materials, which are the materials 
that react a little bit or at all so cause none or minimal damage to a human 
body. To evaluate a reliability of material to be implanted in the body 
environment, degrees of compatibility are used, as shown in Table 1.1. 
 
Table 1.1: Definition of terms used for rating the degree of compatibility of bone 
replacement materials. [7] 
Degree of 
compatibility 
Reactions with bone tissue Result Materials 
Biotolerant Implants separated from 
bone by a soft tissue layer: 
distance osteogenesis 
Irritation of the 
differentiation of 
precursor cells into 
osteoblasts; formation of 
collagen-rich interlayer 
Stainless 
steels, Co-
Cr-Mo and 
Co-Cr-Mo-
Ni alloys 
Bioinert Direct contact to bone 
tissue: contact 
osteogenesis 
No biochemical influence 
on cell differentiation, no 
information to cells about 
the presence of implant, 
no foreign body 
reactions 
Titanium, 
tantalum, 
niobium 
Bioactive Bonding to bone tissue: 
bonding osteogenesis 
Bond formation in the 
sense of a glueing effect 
(no necessity for adding 
a glue) 
Glass 
ceramics, 
tricalcium 
phosphate 
ceramics, 
titanium 
  
1.2 Biomaterials 
 
    Biomaterials are man-made materials for the use in intracorporeal 
applications. Mainly ones are metallic materials, then there are ceramics, 
polymers, composites, cements and adhesives. Using metals in the 
environment of the human body is mostly for orthopedic purposes-hip and 
knee joints. In dental applications, materials like amalgam, gold, titanium 
alloys, cobalt-chromium alloys or nickel-chromium alloys are used. Materials 
must be noncarcinogenic and nontoxic, chemically stable and corrosion 
resistant, in other words biocompatible. Moreover for hip or knee replacement 
the material must be wear resistant. There are different  types of corrosion-
general corrosion, pitting and crevice corrosion, stress corrosion cracking, 
corrosion fatigue and intergranular corrosion; none of them could be tolerated 
in a surgical implant material. In the [8], the corrosion resistance of two cobalt 
base alloys are tested (in vitro) in chloride-containing media. One was wrought 
Co-Ni-Cr-Mo-Ti alloy (commercially Protasul-10) and other was cast Co-Cr-Mo 
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(commercially Protasul-2). Types of tested corrosions were pitting and crevice 
corrosion and corrosion fatigue. The optimal combination of mechanical and 
corrosion properties were founded in case of Protasul-10.  
    In dentistry, high compressing force of bite and cyclic loading are combined 
with temperature and acidity changes so the requirements on materials are 
very high. For example ceramics offers an excellent compressive yield for this 
application. Some ceramics are bioactive-they transform into bone structures 
by releasing cations and anions.  
    To evaluate the suitability of material to be used in body environment, tests 
of cytocompatibility and genotoxicity are used. The first one uses the cells 
around a material, so adherence, growth and cell tolerance towards a new 
material is investigated and is expressed in percentage. The other one is a 
mutation rate test of genetic structures in a tested material. [3] 
    Materials with high compatibility with living tissue unfortunately do not show 
satisfactory mechanical properties for the production of implants, and 
conversely, materials with quality mechanical properties do not provide 
adequate biocompatibility. A good solution is therefore use of bioinert 
materials. [9] 
 
1.3 History of using metals as an implantable material 
 
    The first historical record of the metal use for surgical procedures is from 
1565, when gold plates were used to repair cleft palates. In 1829, the study by 
Levert was made of tissue tolerance to metal and platinum and it was found 
the best one. In the 19th century, the progress was made in orthopedic surgery 
with knowledge of Roentgen´s x-ray techniques and antiseptic techniques. In 
1912, surgeons and engineers joined their forces to find a better material to 
bone plates and this biomechanical partnership continues up to the present 
day. In 1960s the F-4 committee of ASTM was formed to standardize surgical 
implant materials. [10] 
    Stainless steel in combination with the PMMA bone cement was used in 
1960s and 1970s for the implantology. Stainless steel is an inexpensive and a 
very strong metal which could be cast or wrought into a variety of implantable 
devices. Because of its limited mechanical properties, it was slowly replaced 
by stiffer Cobalt-based alloys and more biocompatible materials. In 1929 
dental laboratories developed cobalt-based alloys for dental applications. Then 
they have being improved and they are now successfully used also with 
PMMA bone cements in orthopedic surgery. An improvement on Co-based 
alloys in fatigue behavior was achieved by a reduction of grain size and further 
working with it. These high-strength alloys are used for cemented implants and 
pillars. They are not as biocompatible as titanium, but they are very castable 
so their shapes may be more complex and sophisticated, fabricated using the 
lost wax casting technique. [11]  
    From 1990s, good compatibility in bone environment has been observed in 
titanium alloys and their use has been increasing in reconstructive surgery, not 
only for their high mechanical properties. If an osseointegration is required, the 
titanium implants appear the best-suited material because they show two 
types of bone contact-close bone contact as a bioinert material and bonding to 
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bone tissue as a bioactive material. Nowadays, commercially pure titanium 
and principally Ti6Al4V is the most versatile metal (not only for surgical 
implants), it has superior biocompatibility, mechanical properties and can be 
fabricated by a variety of methods. [11] Examples of biomaterials are in Table 
1.2.  
    “The overall chemistry and properties of metallic materials are covered by 
ASTM specifications.”[2]  
 
Table 1.2: Selected ASTM specifications dealing with biomaterials [2] 
ASTM No. Biomaterial 
F 55, F 138 Low-carbon stainless steel (type 316L) 
F 75, F 90, F 799, F 562 Cobalt-chromium alloys 
F 67 Commercially pure titanium 
F 136 Ti6Al4V 
F 451 Acrylic bone cement 
F 560 Unalloyed tantalum 
F 603 High-purity dense aluminium oxide 
F 648 
Ultra-high molecular-weight polyethylene 
(UHMWPE) 
F 881 Silicone gel and solid silicone 
 
    ,,The ideal alloy would have the modulus of magnesium, the strenght of Cr-
Co alloys, the corrosion resistance and biocompatibility of titanium and the 
fabricability of stainless steel.”[2]  
    Corrosion resistance of stainless steel and Cr-Co alloys is dependant of 
chromium presence which renders these alloys passive. Titanium has a 
passivity without chromium. Highly polished surfaces perform generally better 
corrosion and wear resistance. [2] 
 
1.4 Titanium based alloys 
 
    In implantology, the most applied titanium alloy is Ti6Al4V. Pure titanium is 
not used because of high price, so the commercially pure titanium (CP-Ti) 
replaces it. The main properties of CP-Ti and Ti6Al4V are tensile, wear, 
fatigue and corrosion resistance. [10] 
    Fatigue and wear properties are critical at long-term implant applications, 
because they are subjected to cyclic loading. Basic mechanical properties of 
Ti alloys are given in Table 1.3. 
     For the CP-Ti there is an ASTM norm with grades. The growing number 
means growing mechanical properties. Grade 1 has bad mechanical 
properties but a good ductility. Grade 7 is very similar to Grade 2 but it 
contains an addition of palladium (0,2%) and could be toxic and allergic in 
tooth implantology. [9] 
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Table 1.3: Mechanical properties of CP-Ti and Ti6Al4V alloy used in surgery. [2], [12]  
  ASTM Specification Yield strength (MPa) 
Tensile strength 
(MPa) 
Elastic modulus 
(Gpa) 
Unalloyed 
grades 
Grade 1 170 240 … 
Grade 2 >250 >345 103 
Grade 3 380 450 … 
Grade 4 >390 >550 104 
Grade 7 >250 >345 103 
α+β alloy Ti6Al4V (Grade 5) >900 >830 114 
 
 
1.4.1 Surface treatment  
    Surface treatment is important in titanium alloys. ,,Sintered metal beads, 
plasma flame sprayed metal powders, and diffusion bonded fiber metal pads 
are examples of porous surfaces being applied to orthopedic implants.,, [10] 
    Polished and passivated Ti6Al4V has good wear properties to make a total 
joint replacement. Ti6Al4V is less sensitive to surface degradation in 
comparison with 316L stainless steel or Cr-Co-Mo alloy. ,,Ti alloy in stable and 
annealed condition is machineable and requires no additional thermal 
treatment after fabrication of finished products from the raw material,,. [10] 
 
1.4.2 Medical applications  
    Because of its corrosion behavior, Ti is also used at artificial heart pumps, 
pacemaker cases, heart valves. Body fluids have pH around 7,4, they are 
chloride brines and contain variety of other organic acids. In this environment 
titanium is totally immune. Ti6Al4V offers one of the best combination of 
properties among all implant metals. [2] Table 1.4 shows a typicall use of Ti 
alloys. 
 
Table 1.4: Ti alloys for typical applications. [10] 
Titanium and titanium alloys Typical applications 
CP titanium Porous coated devices: suture wire 
Ti6Al4V alloy Hip, knees, shoulder or elbow joint, fracture 
fixation devices such as I/M nail, hip screws, 
bone plates, bone screws 
Ti-3Al-2,5V alloy Fracture fixation devices 
Ti-6Al-7Nb alloy Hip and knee joints 
 
1.4.3 Machinability 
    Cutting forces are higher then those needed to machine steel, but 
metallurgical characterics make them more difficult to machine, principally in 
case of beta alloys. [2] 
 
    The machinability of titanium varies with its composition, because different 
grades and alloys of titanium have different properties. Its low thermal 
conductivity prevents the dissipation of heat to the whole part, so an 
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appropriate and intensive cooling is required. Also when the hole is being 
drilled, it has a tendency to contract and the tool is being blocked in the hole, 
so lubrication is necessary. Moreover titanium is inflammable and has bad 
friction proprieties. When machining with an abrasive grinding disk, the sparks 
generated could create hazard fire. So frequently chips and dust are collected 
in a wet container. 
    The cutting edge is loaded by high pressures and temperatures because of 
a small contact surface between the tool and the chip. This surface is about 
50% smaller than the one when machining steel. [13]  
Titanium has tendency to make a build-up edge.  
 
1.4.3.1 General recommendations 
-stable mechanical system to minimize the vibrations   
-lower cutting speed and greater feed 
-in drilling, the tool overhang must be as short as possible to prevent the 
vibration, but sufficient to ensure the hole depth and chip evacuation by flutes 
of drill [14] 
-when machining the titanium, tool with oxygen coating cannot be used 
because of the high reactivity of titanium with oxygen [15] 
-drills with internal coolant canals are recommended 
-when drilling without internal coolant canals, a pecking cycle is needed in 
general each 0,5xD 
-In general, no conventional coating is recommended because of build-up 
edge forming [13] 
-the problem when machining dental parts could be the rests of cutting tool 
sticked on the workpiece surface. These materials could be potentionally toxic. 
[9] 
 
1.4.3.2 Tool recommendations 
    Tools for machining titanium must have these properties: 
-hardness at high temperatures 
-wear resistance  
-sharp (small rβ) cutting edge and positive tool geometry-to cut, not to push 
the material 
-shape and dimension stability at high thermal loads 
-adequate toughness 
 
1.4.3.3 Cutting fluids  
-because of inflammability of titanium, cutting oil is not recommended 
-water-miscible cutting fluid with dissolved mineral oil concentration of 8-10% 
is suitable, because the greater cooling effect is achieved with high percent of 
water and presence of mineral oil ensure the friction reduction between the 
tool and the chip 
-for drilling, a cutting fluid with addition of chlorium is recommended. It reduces 
slightly the corrosion resistance of titanium, but reduces effectively the tool 
blockage in the hole. The disadvantage is its bad influence on our health and 
the environment. To ensure the sufficient intake of cutting fluid in the cutting 
area and chip evacuation, the drills with internal coolant canals are 
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recommended. If not, the programme cycle has to be adapted so that the chip 
could be evacuated out of a bottom of the hole. [16] 
 
 
1.5 Cobalt based alloys  
    Co based alloys have a good resistance to degradation in the oral 
environment and they have superior mechanical properties. They are used 
wrought, forged or cast. Cast alloys are made by investment-casting process 
using a wax model and ceramic shell.  
 
1.5.1 Lost wax casting technique 
    A wax model of implant is made and a ceramic shell is built around it to 
achieve the same shape as a desired implant. The wax is then melted away 
and ceramic shell, which serves as a mold, is hot fired. Metal is cast into it and 
both are cooled down. The shell is then broken and removed and a solid 
implant is revealed. The implant could be cast very close to final shape, so 
relatively little machining or polishing is needed to complete the fabrication.  
 
    Cast alloys contain larger grains and imperfections, so their mechanical 
properties are lower then wrought alloys or forgings. Yet these could be 
improved by heat treatment, e.i. HIPing(hot isostatic pressing). Wrought Cr-
Co-Mo alloys possess uniform single-phase microstructure with fine grains 
and they could be further strengthened by cold work. For forging, low carbon 
alloy is used, but nitrogen is added (0,25% max) to improve the strength and 
corrosion resistance. However the forging requires sophisticated press and 
complicated tooling. Three types of surface treatment are used, the same as 
for the titanium (sintered metal beads, plasma flame sprayed metal powders, 
and diffusion bonded fiber metal pads).  
 ,,Molybdenum addition in these alloys impart a greater degree of resistance to 
a variety of corrosive media.”[2]  
    Cobalt-base alloys used as implants meet the requirements of ASTM F 75, 
F 799, F 90, F 562. F 75 and F 799 describe requirements for cast and 
thermomechanically processed Co-28Cr-6Mo (used in experimental part), F 
90 describes wrought Co-20Cr-10Ni and F 562 describes wrought Co-Ni-Cr. 
[2]  
,,Properties of cobalt-base implant alloys are highly sensitive to processing 
history.” [2]    
Table 1.5 shows this sensitivity to processing history with an appropriate 
mechanical characteristics.  
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Table 1.5: Mechanical properties of cobalt-base surgical implant alloys. [2] 
Alloy (ASTM Specif.) Condition 
Yield 
strength 
(MPa) 
Tensile 
strength 
(MPa) 
Elastic 
modulus 
(Gpa) 
Co-Cr-Mo (F 75) Cast 450 655 248 
Co-Cr-Mo (F 799) Termomechanically processed 827 1172 … 
Co-Cr-W-Ni (F 90) Wrought 379 896 242 
Co-Ni-Cr-Mo (F 562) Annealed 241-448 793-1000 228 
 
1.5.2 Medical applications  
    Cobalt based alloys are not as biocompatible as titanium alloys, but they 
offer good mechanical properties, so their use is diverse, as shown in Table 
1.6. 
 
Table 1.6: Cr-Co alloys for typical applications. [10] 
Co based alloys Typical applications 
Co-Cr-Mo alloy (ASTM F 75) Hip joints, knees, shoulder joints, elbow 
joints, fracture fixation devices-bone 
plates, bone screws 
Low-carbon Co-Cr-Mo alloy (ASTM F 
799) 
Hip joints, shoulder joints, elbow joints, 
Co-Ni-Cr-Mo alloy (ASTM F 562) Hip joints and fracture fixation devices 
Co-Cr-Ni-W alloy Fracture fixation devices 
 
    For Cr-Co alloys, different trade names could be found : Vitallium (ASTM 
F75, F90), Alivium, Endocast, Orthochrome, Protasul or Zimaloy. Combination 
of higher strength and greater deformation before failure causes that this 
material requires greater energy to cause a fracture. [17] 
 
1.5.3 Machinability 
    Properties of these alloys come from crystallographic nature of cobalt and 
its response to stress, solid-solution-strenghtening effect of chromium and 
molybdenum and formation of metal carbides. The cobalt-base alloys are 
difficult to machine due to their low thermal conductivity and a presence of 
hard abrasive carbides in the microstructure. [17]  
    Manufacturability is enhanced with low carbon content (0,05%) in wrought 
Cr-Co alloys, which means less strenghtening, contrary to cast Cr-Co alloys 
with carbon content of 0,25%. Addition of Ni and reduction of Cr enhance also 
fabricability. Closed-die forging could minimize a machining requirements, but 
the investment casting methods are used more frequently. [2]   
 
1.6 Stainless steel 
    Stainless steel is popular because of low price, possibility of forming with 
common techniques and optimum strenght and ductility. They do not have a 
sufficient corrosion resistance for long term implantation so they are used for 
temporary fixation devices. In 1960s they were used for hip implants but now 
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the titanium and Cr-Co alloys are a choice for long-term implants. Typical 
applications are given in Table 1.7. Their modulus is near 205 GPa. [2]  
    Two types are used in orthopedics-AISI 316L and 22-13-5. AISI 316L 
contains 17-19% Cr, 12-14% Ni, 2-3% Mo. [10] 
 
Table 1.7: Stainless steel for typical applications. [10] 
Stainless steel  Typical application 
AISI 316L (ASTM F-138, F-55) Hip joints, fracture fixation devices-hip 
screws, bone screws, bone plates 
22-13-5 (ASTM F-1314) Hip joints, fracture fixation devices-hip 
screws, bone plates, spinal rods, IM nails 
 
1.7 Other alloys used in dentistry  
Ni alloys (49 - 51% Ni, the rest Ti), commercially named Nitinol, applications: 
surgical applications, dental braces, root wires. These alloys have a shape 
memory effect (SME)-once deformed, they stay until heated and they return to 
the original shape. However this characteristic is dependant on fabrication 
method. Nickel-titanium alloys (Nitinol alloys) have greater strenght compared 
to stainless steel. They are reasonably biocompatible, but Ni could cause an 
alergic reaction. [18] 
Dental amalgames-mercury mixed with powdered alloy containing Ag, Cu, Zi, 
Sn. They are used to restore chewing surfaces. [2] 
Pure Tantalum-high corrosion resistence, low rigidity with high ductility and 
toughness. It is the most biocompatible material, it cannot be cast so its use is 
limited to wire drawn into pins, which support a fixed prosthesis This material 
is about 10 times more expensive than Ti, so it´s implantation is limited. [11] 
Pure Nb-lower density than Ta but other properties are very similar 
Pure Zr-properties similar to Ti but the price is doubled  
Ni-Cr alloys-applications: crowns and bridges   
 
 
 
1.8 Ceramics 
    Characteristic properties of ceramic is high modulus, low elasticity, 
hardness and fragility.  
Bioinert ceramics – aluminum oxide ceramic (stable, intended for long-term 
service), zirconium oxide ceramic.   
They are generally processed by powder methods, higher density and finer 
grain size make the implants  stronger. 70% Al2O3 is used - it transmits the 
chewing forces, so the bridges are made out of spinel-corundum (MgAl2O4/α-
Al2O3). These crowns are cosmetically more aesthetic than metal crowns and 
stronger than porcelain crowns. 
Bioactive ceramic – ceramic which reacts with tissue, also named as bioglass 
or glass ceramic. Calcium hydroxyapatite (HA) is applied as coating for metal 
dental implants. [2] 
    In [19], a dental specialist realizes his own crown using CAD/CAM systems 
out of ceramics. This work also studies the influence of additional elements on 
machinability. Glass ceramic is fine grained polycrystalline material formed 
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when glass of a suitable composition is heat treated and hence undergo 
controlled crystallization. Potassium lower the temperature of crystallization 
and increases the activation energy for crystallization. Properties of glass 
ceramic material depends on using appropriate heating rates and times of 
crystallization to obtain a good microstructure. An ideal material facilitates the 
cleavage of mica crystals along a 001 plane and this shorten machining times 
and increase the surface finish. For that glass ceramic is known to have good 
machinability. 
    In [20], potassium and lithium in glass ceramic was substituted by barium 
and magnesium, because they have influence at crystal coarsening of 
fluorphlogopite phase and the development of a house of cards 
microstructure. The house of cards microstructure has been described as a 
key to the high strength and toughness of other silicate glass-ceramics.  
     Dental porcelain based on leucite in clinical use causes the wear of the 
opposite tooth. Lithia content has not the influence on the hardness, 
replacement of magnesia by lithium does not reduce hardness. Cristal 
structure house of cards improve machinability, other microstructural 
parameters like effective crystallinity dictates level of machinability too.   
 
 
1.9 Polymers, Carbon and Composites 
 
    Polymers could be biodegradable (they are absorbed by a body) and could 
be used for acceleration of the bone tissue formation (Chitosan). There is a 
possibility to control their mechanical properties. In dental applications, PMMA 
is used as a bone cement because of satisfactory adhesion to bone or metal. 
Carbon materials could be used for coating of dental implants, rarely for 
implants themselves. Composites are composed of matrix (polymer) and 
carbon fibres, or ceramics with stainless steel. They are used for bridges and 
as a fixation devices. [2] 
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2  PRESENTATION OF DENTAL PARTS 
,,Classic,, dental prosthesis presented in this work consists of 4 parts (Fig. 2.1) 
Each producer has its own implant system, materials, interface and threads. A 
choice of an appropriate dental prosthesis is not easy and depends on the 
patient´s health, the age and also on dentist´s experience.  
 
Fig. 2.1: Typical dental parts with root form implant, left [21], right [22] 
 
2.1 Dental implant  
    The implants are widely used to replace a missing tooth, they ensure the 
functionality and stamina of prosthesis. ,,All dental implants share a common 
nomenclature: infrastructure, the portion designed to acquire retention, 
abutment-the portion that serves as a prosthetic retainer; and cervix, the highly 
polished, constricted portion connecting the two.,,[11]  
They are stabilized by the bone or fibrous connective tissue. [17] 
 
2.1.1 Subperiosteal implants  
,,A subperiosteal implant (Fig. 2.2) is used to secure dentures and when a 
bone has atrophied (receded) and a jaw structure is limited. The lightweight, 
individually designed, metal framework fits over the remaining bone, providing 
the equivalent of multiple tooth roots. It may be used in a limited area or, if all 
the teeth are missing in the entire mouth. The amount and location of available 
bone determine the kind of implant that is best to use. Natural tissue 
membrane or bone will grow back around the implant making it even more 
secure.,, [23]  
 
Fig. 2.2: Subperiostal implant [24] 
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2.1.2 Endosteal implants 
    There are two major types (designs) of endosseous (placed in the bone) 
implants-blade and root form. “Each has an infrastructure that is placed within 
the medullary cavity of bone and attached to it.” [11]  
    Other endosseous designs are transmandibular implants, endodontic 
stabilizers and ramus frames. But these ones require special instrumentation 
and insertion techniques. Ramus frames are used to secure dentures, 
because wearing dentures over many years causes the jawbone recede to 
such an extent that conventional dental implants cannot be used. [23] 
 
2.1.2.1 Blade implants  
    Blade or plate-form implants are shaped like small slim plates with some 
numbers of holes (Fig. 2.3). Thin in outline, they are placed in narrow 
osteotomy cut into the alveolar ridge. The bone osseointegrate through the 
holes and so is being anchored. Some dentists suggest this rare type of 
titanium inserts to some patients, especially those, whose jawbone is not wide 
or quality enough to hold the root-form implant. “The prognosis for blade 
implants is not as reliable or predictable as for root form implants.” [11]  
    NiTi alloys were also used for fabrication of blade implants  thanks to its 
shape memory characteristics. [18] 
 
 
Fig. 2.3: Blade implant [25] 
 
2.1.2.2 Root-form implants 
    Root-form or conventional implants are made out of titanium or titanium-
vanadium-aluminium alloys, sometimes coated with hydroxyapatite (HA). They 
have general appearance of dental root. Their abutments are frequently 
detachable (Fig. 2.4). 
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Fig. 2.4: Implants and pillars [23] 
 
    The typical root form implant is a titanium threaded or smooth-sided press-
fit screw which is placed into a jawbone. A surface of implant has a treatment 
(etching, sandblasting or spraying) to increase the integration potential with a 
bone. To fix a pillar onto an implant, the implant has an inner thread for fixing a 
screw, but has always an inner interface that locks the angular position of 
pillar. According to jawbone, dentist chooses an appropriate diameter and 
length of an implant (Fig. 2.5).  
 
 
Fig. 2.5: Example of implant producer´s catalogue with variety of implants  [26] 
 
2.2 Implant abutment 
    In some sources it is also named as a pillar. This part connects an implant 
and a crown. The upper surface of the pillar has a shape of a future crown and 
the lower surface is an interface with implant in special form to ensure the 
exact angular position (Fig. 2.5). Prothesist designs the upper surface by using 
CAD softwares (Exocad, Dental wings, 3 Shape, Zirkonzahn) which allow 
among other to control the interface and overlap with neighbouring and the 
opposite teeth. Prothesist is a person who leads the whole tooth restoration 
and designs dental crowns and other dental parts. For the lower surface, each 
prothesist owns a database of interfaces and according to a patient´s implant 
he chooses a right interface. There is a hole through the pillar for a screw with 
an appropriate reduction for a head of a screw. 
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Fig. 2.6: Implant abutment 
 
2.3 Screw 
    A screw or an abutment screw is a part which connects an implant and a 
pillar together. The inner space of a head has a shape for a special 
instrument. The screw needs to be placed with a precise torque because of a 
brittle thread. For this reason the screw is secured for overcoming of torque-
the body of the screw distorts and breaks. Than with surgical forceps it could 
be easily removed contrary to a demolished and stucked thread. In [27], a 
preload of a screw has been studied.  
 
 
Fig. 2.7: A screw (left), a head of a screw with shape for a special instrument (right) 
 
 
2.4 Crown 
    A crown is a final and the only visible part of all dental restoration. For this 
reason, it is usually made in color of the other teeth so that nobody could 
recognise that the tooth has been restored. They are usually made out of 
zirconium ceramics. The crown should be layed on a pillar in case of missing 
tooth or on a cut tooth when the tooth is damaged or ill. The mechanical 
requirements are the strenght, good fatigue properties and resistance against 
temperature changes. Finally it must be mentioned that the crown has to be 
designed properly, not to create an overlap with other teeth, because this 
should overload either the implant or the other healthy teeth (Fig. 2.9). 
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Fig. 2.8: Crown [28] 
 
 
Fig. 2.9: Visualisation of overlaps with other teeth [29] 
 
2.5 Bridge 
    The other type of a mouth restoration is a use of bridges. It is a sort of a 
crown covering more than one tooth (Fig. 2.10). The dentist has to cut 
neighboring teeth and then he puts the bridge on that space. That means that 
the two teeth have to support a greater charge. The bridges have another 
disadvantage: when the tooth is missing, the bone starts to decline, the 
jawbone is weakened here and neighboring teeth could unpredictably lean. 
When more than one tooth is missing in one space, the bridges are also used. 
Dentist puts only two implants (instead of 3 or more), two pillars and he makes 
a bridge over them. 
 
 
Fig. 2.10: Bridge [30] 
 FME BUT MASTER´S THESIS  Page   30 
 
 
 
3  THE PROCESS OF RESTORING A MISSING TOOTH 
 
    Nowadays a missing tooth brings not only a disadvantage while eating, but 
also a social and esthetic disadvantage. So even if a procedure is a little 
longer and expensive, people are ready to undergo it. When the tooth is 
missing, bone recedes (shrink back) because there is no need to support a 
load in that area.  
    There are many techniques how to restore a missing tooth. The process 
using a root form implant will be explained. The basis is always to put the 
implant into the jaw bone. Then the techniques differ from dentist to dentist, 
some use CAD software, some of them do not. But there is always a need of a 
patient´s mouth model to be able to do a work properly. This model is made 
out of a hard stone and it contains a part enabling to know the exact position 
of the implant in the jawbone. Prothesists working without CAD software 
design the crown onto the model of hardstone directly. Those who are using 
CAD software, use also a 3D scanner which transforms the physical model of 
hardstone to a numerical model and desing is made in a software. The 
example of this process is described in this work. 
 
3.1 Work of dentist-insertion of an implant 
    A patient without a tooth visits the dentist. He cuts out a gingiva next to the 
missing tooth and drills a hole there with a small diameter of a drill into a 
jawbone (Fig. 3.1). Cooling saline spray must be used because the 
temperature greater than 47°C could damage the oste oblast cells. The hole is 
expanded progressively by using wider drills.  
 
 
Fig. 3.1: Drilling into a jawbone [31] 
 
    Then an implant is screwed (Fig. 3.2) at a precise torque (35 Ncm, not to 
overload a bone) and covered by a small screw (healing cap). A certain period 
of time (3 months in the lower jaw-mandible and 6 months in the upper jaw-
maxillae) is necessary for a healing of a jaw and an osseointegration-it means 
the bone has to develop around a screw to be fixed right. The implant is 
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centered in the jawbone, it means that it is not placed exactly vertically, but 
always with an inclination. [22] 
 
 
Fig. 3.2: Insert of an implant [32] 
 
3.2 Work of prothesist-scanning and design of a pillar  
    The patient with the implant comes to a prothesist. Gingiva is fully 
developed by that time. To be able to design the tooth, he needs to have a 
physical model of a patient´s mouth.  
3.2.1 Making a hardstone model of patient´s mouth 
    He removes the cover screw (healing cap) and replaces it by a part called a 
transfer or impression cap (Fig. 3.3). The transfer and the neighbouring teeth 
are covered with an elastomeric impression (putty) material (polyvinyl siloxane 
or polyether rubber) and an imprint is taken (Fig. 3.4). Then the prothesist 
places another part to this imprint called analog (Fig. 3.5) and casts a hard 
stone over it (Fig. 3.6).  
 
Fig. 3.3: Transfer placed on the implant [33] 
 
 
Fig. 3.4: Impression material surrounds transfer [34] 
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Fig. 3.5: Impression is taken, placements of analogs [35] 
 
 
 
Fig. 3.6: Model of hard stone with analogs [36] 
 
    Analog in hard stone is placed exactly like the implant and has also the 
same interface as the implant in patient´s mouth. So the analog and the tranfer 
serve to obtain a model of patient´s mouth with the exact spacial position 
(angular position and orientation) of the implant in patient´s jawbone. 
 
3.2.2 Making a numerical model of patient´s mouth 
    The hard stone model is so prepared to be scanned. To recognize the 
position of the implant for a scanner, another part needs to be placed. That 
part is called scanbody.  
 
3.2.2.1 Scanbody 
    It is a physical part placed on the model of a mouth. It has specific surfaces 
easily distinguishable for a 3D scanner (Fig 3.7). The role of the scanbody is to 
be recognized by 3D scanner which could be able to distinguish the angular 
position and orientation of an implant in the mouth. Prothesist should have 
many scanbodies according to the interfaces of implants which differ from a 
producer to producer.  
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Fig. 3.7: The model of scanbody 
 
    The model with the scanbody is placed into the scanner which scans it and 
makes a .stl file out of the model (Fig. 3.8). 
 
 
Fig. 3.8: Scanned model of a mouth with a scanbody [37] 
 
    After the scanning, the next prothesist´s work of is done in the software 
environment. He needs to create an implant abutment (pillar), which will be 
placed on the implant and will support a crown. Crown is also designed. The 
upper part of the pillar is designed by a prothesist. He must be aware of the 
fact that the new tooth cannot create an interface with an opposite tooth, 
because that may overload both of them and a failure risk is taken. To see 
these interfaces, he needs to have imprint of both jawbones. Then they could 
be observed either numerically, thanks to CAD system or physically, by trying 
the prosthesis in the model. To place properly the interface to an implant 
thanks to a scanbody, each database of interfaces needs to contain a 
scanmarker.  
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3.2.2.2 Scanmarker 
    This parts is a numerical part and it represents the visible surfaces of a 
scanbody.  
 
 
Fig. 3.9: A scanmarker 
 
    The software recognizes and assigns the surfaces of scanmarker to visible 
surfaces of a scanbody (Fig. 3.11), and with the knowledge of dimensions of a 
scanbody it places also an appropriate interface to a place where the implant 
is physically situated. 
 
 
Fig. 3.10: An insertion of an interface and a scanmarker into a design software [37] 
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Fig. 3.11: Recognition of surfaces of a scanbody and assignement of a scanmarker 
with these surfaces-exact placing of an interface to an implant [37] 
 
    The whole complex phase has one goal-to be sure about the space position 
of the implant in the patient´s mouth. After this phase, the prothesist begins a 
design work of the pillar and the crown (Fig. 3.12). The crown is designed at 
the same time as the pillar, the prothesist sees them both in CAD software. 
 
 
Fig. 3.12: The crown, the pillar (with representation of hole for a screw) and an analog 
[37] 
 
 
Fig. 3.13: Design of a new tooth [37] 
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    When the prothesist finishes designing the pillar and the crown, he exports 
both parts to an .stl file format (Fig. 3.14). Then he sends them to a machinist 
who realizes them. 
 
 
Fig. 3.14: Example of a pillar in .stl format provided by a prothesist [38] 
 
3.2.2.3 STL file format 
    STereoLithography (.stl) file format describes a specific geometry using 
polygonal triangles, which tops are always connected with other nearby 
triangles. It has no information of common CAD attributes, as for example 
surfaces. It is used as an output format by 3D scanners, so as well in dental 
applications by prothesistes. This file format is supported by many CAD CAM 
softwares and it is also widely used for rapid prototyping. Two kinds of stl file 
representation is possible, these are ASCII and Binary. With the model in CAD 
software it is possible to generate a stl with a chosen resolution of meshing 
(Fig. 3.15) as well as maximal length of a triangle (Fig. 3.16).  
 
 
Fig. 3.15: Automatic meshing with the dense net of points (level of meshing 0,00002) 
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Fig. 3.16: Automatic meshing with the dense net of points and a limited length of a 
triangle 0,01 mm. 
 
3.3 Work of machinist-pillar and crown execution 
 
    Machinist receives an .stl parts from a prothesist and puts them into his 
CAM software. Example of a software DentMILL will be used. DentMILL is a 
user´s interface of PowerMILL, focused on machining of dental parts-crowns, 
pillars and bridges. The use of DentMILL allows to place more parts in the 
same blank to save the material. As blank, bars or discs are used, bars for a 
separate pillar, crown or a simple bridge and discs for bridges or bigger 
dentures. The calculation of machining strategies is automatic and made by 
PowerMILL. Tools and tool holders could be also created and used, as well as 
cutting conditions and cooling. The 3 axis machining is used as well as 5-axis. 
For the inner shapes of crowns and bridges DentMILL has an option, where 
this area is selected and machining trajectories are calculated only there. If all 
inner trajectories don´t create colisions of tool with blank, they are green 
coloured. When the inner shape of crown is too complicated and some 
trajectories are red coloured, the option 5-axis machining creates a colision. 
To repaire this, option 3-axis machining should be used or the orientation of 
workplane´s z axis could be changed. When the NC program is finished and 
verified, it is translated by postprocesor and sent to a machine, which 
executes a machining. Diameters of mills used to machine is from 10 mm for 
roughing by end mills with corner radius to 0,8 mm for finishing by ball-nosed 
end mills. From preventing a final part to fall, it is attached to blank by small 
bridges. (Fig. 3.18) 
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Fig. 3.17: Machining of bridges and crowns in DentMILL using a disc of material [39] 
 
 
Fig. 3.18: Simulation of machining in DentMILL, the bridges to attach a part to a blank 
are visible [40] 
 
 
    When machining is finished, the parts are sent back to the prothesist. 
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3.4 Work of prothesist- tooth restoration finishing  
After receiving all parts, a prothesist cleans them and puts them into a 
patient´s mouth in the following order: 
-removes a healing cap  
-puts an implant abutment with precise angular position (Fig. 3.19) 
-fixes it by a screw (Fig. 3.19) 
-puts the crown (Fig. 3.19) 
By these steps, a tooth restoration is finished. 
 
 
Fig. 3.19: Steps of accomplishment of a tooth restoration [32] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 FME BUT MASTER´S THESIS  Page   40 
 
 
 
4  EXPERIMENTAL PART 
 
    An experimental or a practical part consists of improvement of the 
fabrication of pillars by ALPHA. These pillars are succesfully produced at this 
time but there is still a space for further upgrading. 
    There were two aspects to improve. The first one was the unsatisfactory 
quality and repeatability of interfaces made out of .stl format parts. The second 
one was to make a central hole by drilling instead of milling, which reduces a 
time of machining.  
 
4.1 Reconstruction of connecting surfaces 
    A database of interfaces was provided by ALPHA. These parts were in .stl 
format with a certain level of meshing which is apparently not sufficient to 
reach a good repeatability and precision when machining interfaces of pillars. 
In case of a poor accuracy in machining of pillars, it was decided that the 
interfaces will be done in a native format of Delcam software PowerSHAPE 
(.psmodel). These parts could be then easily exported with a satisfactory level 
of meshing and sent to a prothesists to test them. An example using an 
octogonal interface will be treated. 
 
4.1.1 Part-reconstruction method 
    This phase could be named reverse engineering because the initial format 
was the old .stl file. The file was opened in software CATIA and there it was 
mesured using the maximal resolution (Fig. 4.1). Measures were taken on 
third decimal place. From mesured dimensions a contour was made and a 
revoluted. Then an octogonal platform was drawn and extruded. A surface 
model was obtained and transformed into solid. Then chamfer was made by 
use of cone and its overlap was cut of. The part is then finished in native 
format (Fig. 4.2).  
 
 
Fig. 4.1: Measurement of .stl file in CATIA 
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Fig. 4.2: A reconstructed interface in a native format 
 
    After creation of part in a native format, it was exported with almost maximal 
level of meshing (0,00002), which increases a size of a file from but causes no 
problem when designing a pillar. With old meshing, the length of segment on 
circular surface is 0,105 mm and the file size is 86 kb, with new meshing, the 
length of the same segment is 0,032 and file size is 418 kb.   
 
 
Fig. 4.3: Meshing of an old interface (left) and a new interface (right) 
 
 
4.1.2 Precision loss 
    During this part reconstruction phase, a certain grades of precision are lost:  
-The old .stl file was mesured in the software CATIA with maximal zoom 
precision, but only by visual acuity 
-Reconstructed part in native format is reexported with almost maximal level of 
meshing, but it remains an .stl file with connected triangles so the circular 
surfaces are as a polygon 
-Without knowledge of exact space and angular position of initial work plane of 
the old .stl file, the new .stl file had to be translated and rotated with the use of 
maximal possible zooming resolution, but also by visual acuity 
 
 
4.1.3 Discussion 
    Functionality of new created part in .stl format was tested by a prothesist. A 
few problems were discovered when assigning scanmarker and a new 
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interface. When designing an interface in native format, a wrong position of 
work plane was chosen, so the angular and space position was not correct 
(Fig. 4.4, 4.5). Also when generating of new .stl in PowerSHAPE, the option 
universal coordonate system must be desactivated, if not, a spacial mistake 
was even bigger.  
 
 
Fig. 4.4: Right assignement of a scanmarker and the old interface (left) and wrong 
assignement of a new interface (right) [41] 
 
 
Fig. 4.5: Wrong spatial and angular position of two parts in software MeshLab 
 
    It has to be known, that the scanmarker and old .stl interfaces shared the 
same coordinate system. Without the knowledge of this coordinate system, the 
assignement was then done only by translating and rotating of the model and 
a new exportation.  
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Fig.4.6: Verification in software MeshLab, a scanmarker and a new interface are 
placed correctly 
 
    The exported part were sent to a prothesist who was finally able to create a 
pillar with increased level of meshing (Fig. 4.7). 
 
 
Fig. 4.7: Pillar designed by a prothesist 
 
    This part was approved by a prothesist and also by ALPHA as conforming 
machining demand of repeatability and precision, even if small inaccuracies 
were spotted in meshing of a pillar. (Fig. 4.8) 
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Fig. 4.8: Meshing not clear-not interconnected triangles, and a strange added line 
which reduces locally diameter of 0,01 mm 
 
    To be able to verify the quality of meshing of .stl file, software MeshLab was 
used. It permits to see if the triangles are well interconnected and if there is 
not another mistake in meshing, as on Fig. 4.8. If the following conditions for 
meshing are obtained, the part is right.  
 
Unreferenced Vertices 0 
Boundary Edges 0 
Mesh is composed by 1 connected component(s)  
Mesh has is two-manifold  
Mesh has 0 holes 
Genus is 1 
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4.2 Drill tests 
 
    Informatiton provided by ALPHA was that production of 1 hole in pillar takes 
4-5 minutes, for that 2 operations are made-roughing with an end mill with 
corner radius of diameter 2 mm and finishing with a helical end mill of diameter 
1,5 mm. The goal was to replace that milling operation by drilling, which is 
quicker and so more productive. The old versions of DentMILL were not be 
able to recognize the hole in .stl file so drilling couldn´t be done and milling 
operation was unavoidable. The new version of DentMILL (2013) is able to 
recognize a hole in .stl so it is possible to make a drilling. [42]   
    The aim of tests was to choose a drill which suits the best for the drilling of 
both materials-Co28Cr6Mo alloy and Ti6Al4V.  
    First one was a test COM (in french Couple Outil Matière, in traduction 
Couple Tool Material), which permits to determine the lower limit of optimal 
cutting conditions for a one drill into one material. 
    Second one was a tool life test, where the wear was regarded with rising 
number of machined depth. 
 
4.2.1 Tool choice 
    For the octogonal interface, treated in the first part, the diameter of central  
hole is 2,1 mm. To choose the best drill for this application, many tool 
producers were discussed. These were Mikron tools, DIXI polytools, Sphinx, 
Walter Titex, SECO, Sandvik, Nachi, Mitsubishi, Hitachi et ZCC. Because of 
some special conditions, drills from only 4 producers could be ordered. (Table 
4.2). 3 drills of each one were ordered.  
Conditions:  
-Machine : 5 axis, without possibility of internal cooling, spindle : 24000 RPM 
-Holes were made without centering.  
-Diameter : 2,1 mm 
-Depth: 8 mm, with pecking cycle each 1 mm 
-Machining material: carbide tool  
-Materials to be machined: Table 4.1 
 
Table 4.1: Composition and properties of two tested materials. 
Ti6Al4V (Grade 5), ASTM F 136-02a, forged, annealed, peeled 
Composition (%) Mechanical properties 
Al V Fe O C N Ti Rp 0,2% (MPa) Rm (MPa) 
5,5-6,5 3,5-4,5 <0,25 <0,25 <0,08 <0,05 Base >780 >860 
Co-28Cr-6Mo, ASTM F 799/06, rolled, peeled, polished 
Composition (%) Mechanical properties 
Cr Mo Ni C N Mn Co Rp 0,2% (MPa) Rm (MPa) 
28 6 <1 <0,14 <0,15 0,6 Base 650 1160 
 
 
 FME BUT MASTER´S THESIS  Page   46 
 
    One restriction was a fact that the machine has not an internal cooling and 
for machining of Ti and Cr-Co alloys it is strongly recommended to use a 
carbide tool. But many tool producers make a HSS drills without an internal 
cooling and a carbide drills with an internal cooling so it was harder to find a 
carbide tool without internal cooling.   
    Another restriction was that only one drill should be ordered for both 
materials. The machinability of these materials varies significantly and by 
majority of tool producers it was mentioned that for Ti is generally better a tool 
without coating and for Cr-Co a tool with coating. 
 
Table 4.2: Producers and tool specifications, d=2,1 mm, z=2. 
Producer Art. L eff 
(mm) 
L tot 
(mm) 
D 
(mm) 
Point 
angle 
Helix 
angle 
DIXI 
polytools  
1147 R 13.7 62 4 140° 30° 
Mikron 
CrazyDrill  
CD.070210.S 16.8 61,5 4 140° 30° 
Walter 
Titex 
A3378TML 
 
15 59 3 140°  
Sphinx 50941 12,6 50 3 140° 30° 
 
Producer Art. Coating vc (m/min) f (mm) Price(€)VAT 
DIXI 
polytools  
1147 R TiAlN 15-30 0,03-
0,08 
41,82 
Mikron 
CrazyDrill  
CD.070210.S TiAlN min 30  min 0,28  51,8 
Walter 
Titex 
A3378TML 
 
TiAlN micro 
coating 
50 0,05 37,375 
Sphinx 50941 TiAlN 30-60 0,015-
0.03 
31 
 
 
Fig. 4.9: Drill with dimensions 
 
    TiAlN coating is able to maintain high hardness and resistance to oxidation 
at high operating temperatures. [43] More information was provided by Sphinx 
and Mikron. They are given in Table 4.3. 
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Table 4.3: Additional i
[45]: 
 
Coating 
Carbide 
 
 
 
 
 
Fig. 4.10: Standart sharpening (
 
 
    Coating of Sphinx and Mikron drill is from Oerlikon Balzers and it is low
friction, extremely wear
thickness is between 0,
 
4.2.2 Preparation of 
    To be able to make an experiment o
and length 150 mm 
Cr28Co6Mo alloy, both conforming the medical norms. To 
precious materials, it was decided that the surfacing will be done
holes could be done in one rank.
each side to obtain a 
 
MASTER´S THESIS 
nformations provided directly by Sphinx and Mikron tools
Sphinx 
Futura Nano Top from 
Oerlikon Balzers 
Substrate is very fine-grained 
 
 
left), CrazyDrill sharpening (right)
-resistant and chemically inert. The typical coating 
5 µm and 4 µm. [46] 
a blank 
f drilling, 7 bars with diameter 16 mm 
were ordered (Fig. 4.11), 4 out of Ti6Al4V
 From each bar, 3 mm were taken away from 
flat surface and so the thickness were 10 mm. 
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 [44], 
Mikron CrazyDrill 
Balzers Balinit 
Futura 
10% Co ISO K20-
K40 
Enhanced core 
Double flute 
 of Mikron tool [45] 
-
 and 3 out of 
fully exploit these 
 so that 3 
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Fig. 4.11: A bar from Cr28Co6Mo alloy (left) and a bar from Ti6Al4V (right) 
 
4.2.2.1 Surfacing of Ti6Al4V 
    Operation was made on a coventional milling machine Huron (Fig. 4.13), 
vc=50 m/min, f=0,02 mm, ap=1mm. A tool was a HSS cutter with welded non-
coated carbide indexable inserts, z=6 (Fig. 4.12). 
 
Fig. 4.12: Tool for surfacing a Ti6Al4V 
 
 
Fig. 4.13: Conventional milling machine with fixed bar ready for machining 
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4.2.2.2 Surfacing Cr-Co 
    Cutting conditions and tool was the same as for titanium, but after first pass 
the heat was spotted, after 3 passes, the tool was broken and the machined 
surface was not clean. This material is so difficult to machine that in the end it 
pushed the material ahead and machined over it instead of breaking it (Fig. 
4.15). Than another tool was taken (Fig. 4.14) and the cutting conditions were 
strongly limited. Tool was a cutter with interchangable 4 plates, vc=15 m/min, 
f=0,02, ap=0,5 mm, z=4. 
 
Fig. 4.14: Tool for surfacing a Co-Cr alloy 
 
 
Fig. 4.15: Machined bar from Cr-Co alloy (surface not clean because of worn tool) 
 
Finally all the bars were cut in two to be able to put them into oil bath.  
 
 
 
 
 
 
 
 
 
 FME BUT MASTER´S THESIS  Page   50 
 
 
4.2.2.3 Blank exploitation 
    Blanks were exploited for tests subsequently: 3 holes in one rank for test 
COM, and 5-6 ranks were made. For tool life test, space saving drilling was 
made. 3 holes in a rank and 2 holes between and among them. Unexploited 
areas between holes (Fig. 4.16) are due to blank translation in blank holder. 
 
 
Fig. 4.16: Drilled blanks 
 
¨ 
4.2.3 Equipment 
 
4.2.3.1 Machine and tooling 
    To make a tests, 5 axis machine Mikron HSM 600 U with Heidenhein 
control iTNC 530 was choosen (Fig. 4.17). The spindle is Step Tec HPC 170S 
driven by asynchrone engine with vector control with maximal speed 24 000 
tr/min. 
Machine was practical also for the reason of oil release from oil bath. A tool 
holder used is HSK cone with precise pincers BIG Daishowa (Fig. 4.18).  
 
 
Fig. 4.17: Mikron HSM 600 U 
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Fig. 4.18: Tool holder HSK with pincers and a drill 
 
 
4.2.3.2 Device Kistler, amplifier and DASYLab 
    These devices were used only for the COM test. 4-component piezoelectric 
dynamometer (Kistler Type 9272) permit to capture forces and torque while 
drilling using an electric charge in pC. Although the dynamometer is able to 
measure all three orthogonal components of force (Fx, Fy and Fz), it was used 
to measure only thrust force (Ff) and torque (Mc) in the z direction. The device 
is connected with amplifier 5019 B which makes a conversion between the 
charge and a tension using a range of values ±10V. This signal is send to 
computer through acquisition card. Using software DASYLab, signal is 
tranferred into conventional units of forces and moments – N and Nm.  
 
 
Fig. 4.19: Dynamometer Kistler (right), amplifier (left) and computer with DASYLab 
software (center) 
 
    Whole evolution of test is regarded in DASYLab. Because of discontinuous 
cut (pecking cycle) each 1 mm to a depth 8 mm, 8 peaks are measured in 
DASYLab. Red line represents Ff, blue line Mc. (Fig. 4.20) 
 
 FME BUT MASTER´S THESIS  Page   52 
 
 
 
Fig. 4.20: DASYLab, 8 visible peaks during one drilling cycle  
 
    Values of forces and moments are taken as mean values of second peak of 
a stable phase of drilling (Fig. 4.21). 
 
 
Fig. 4.21: DASYLab, process of taking mean values of thrust force (red line) and 
torque (blue line) 
 
 
4.2.3.3 Oil bath and attachements 
    Because of impossibility of using an internal cooling, the test were made in 
oil bath with neat cutting oil. As a container for oil, a sealed up cake box was 
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used. To attach the blank and the oil bath to a Kistler device, a special holder 
had to be manufactured. This holder has 4 holes to attach holder to 
dynamometer Kistler with hidden heads of a screws and 4 threaded holes to 
attach a blank to a holder (Fig. 4.22). Finally two steel attachements were 
used to fasten the blank (Fig. 4.23). 
 
 
Fig. 4.22: Blank holder 
 
 
Fig. 4.23: Oil bath, blank holder, blank and attachements 
 
 
Fig. 4.24: All tools installed in the machine for tests 
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4.2.3.4. Microscope KEYENCE VHX-S50 
    This optical microscope was used to observe a level of wear. The 
microscope has a z axis auto stage and free-angle observation system. It is 
connected to a computer with a software, which is able to take a 
measurements and so evaluate visually and numerically the wear (Fig. 4.26). 
Maximal zoom is 200x. 
 
 
Fig. 4.25: A table with the optical equipment 
 
 
Fig. 4.26: Example of taking numerical values of the flank wear of drill Walter 
 
4.2.3.5. JEOL 5900 LV scanning electron microscopy 
    This machine was used to observe a workpiece material transfer after tool 
life tests. This microscope is able to see properly the surface topography, 
because an image magnification of the SEM is not a function of the power of 
the objective lens and could be from 10 to 500 000 times. To take a picture it 
uses an electron beam to scan a surface. Electron beam influences that 
surface to certain depth according to its energy and examined material. In 
addition, it could measure an atomic composition of scaned area thanks to 
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photon emission of surface when electrons jump between electron layers. In 
the present conditions, energy 20 kV was used and influenced depth is about 
1,5µm. When using higher energy (30 kV), the influenced depth is bigger and 
more atoms are displayed (Appendix D 1)). Recognition of atoms is according 
to their emission energy, which is measured. With this tool it was possible to 
decide with certitude if the selected area is a material transfer, coating or basic 
material of drill, which is WC-Co.  
 
 
Fig. 4.27: A table with equipment for SEM, JEOL 5900 LV  
 
 
4.2.4 Description of tests 
 
4.2.4.1 COM 
    This test helps to determine the optimal cutting conditions for a specific tool 
into specific material. There are two machining parameters to find-cutting 
speed (vc) and feed (fz). Firstly, feed is fixed constant according to producers 
recommendations and vc varies. During a drilling, thrust force Ff (N) and 
moment Mc (Nm) are mesured using a dynamometer Kistler. When the 
sufficient number of measures is taken, specific cutting forces Kc,f  and Kc,c  are 
calculated from the Ff and Mc values with formulas (4.1, 4.2, 4.3) from french 
norm for drilling [47]. 
    The hypotesis is taken that the centre of force is situated in the middle of 
cutting edge. 
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    This is then put into a graph. For each vc value, 8 measurements of Ff and 
Mc were taken. First one was not counted among because it was affected by 
getting a feed button on Heidenhein control to 100%. Then second to sixth one 
were taken, which proved to be enough to have a variety of values. To these 5 
measures for each cutting speed, a mean value was associated and the final 
curves for Kc,f and Kc,c were traced (Fig. 4.28). 
 
 
Fig. 4.28: Example of measures for DIXI in Cr-Co, fixed fz=0,04 mm/tooth, blue points 
are 5 measured values for each vc, red points are mean values, red line is the mean 
value curve, black lines serve to determine the lower limit for optimal vc 
 
    Two parts of curve could be distinguished: first part with high specific cutting 
force which decreases and a second part with stable specific cutting force 
values. The curve for torques was not as clear as the one for forces, so it was 
exploited in only one case (Sphinx). A range of stable values of vc is 
interesting to exploit. To find a lower limit of this range vcmin, two linear 
trendlines were marked. First one with use of 2 or 3 first points of mean value 
curve and second one with the use of last few points of stable part. The 
intersection of two trendlines is vcmin as could be seen on Fig. 4.28. Usually 
10% is added to that value. Teoretically this limit value is the lowest cutting 
speed were the machining could be done with the highest tool life, with 
increasing cutting speed, the speed of wear increases to. 
    After that, second measures are taken using one constant value of vc from 
the stable part and fz varies. Ff and Mc are measured, Kc,f and Kc,c is calculated 
and all is put into a graph. For the constant vc, only one value for each fz was 
put into a graph because the curve has already good progression and there is 
no need to pass through mean values of 5 measures as in case of constant fz. 
Finally the lower limit of optimal fz is determined and 10% is added as well. 
    To be able to compare the tool performances, the values of vc and fz were 
fixed same for all drills, only in case of Mikron as a starting drill, the range of 
values is minor. So after the first COM for Mikron tools, it were decided that 
some cutting speeds will be added to see more properly the specific cutting 
force evolution. For the feed, values did not vary. 
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    Simple program was made using drill cycle CYCLE 200 with possibility to do 
a pecking cycles. It could be found in Appendix A-1). 
4.2.4.1.1 Drill test for Mikron tools 
For Ti6Al4V :   
7 holes with fz=0,04 mm/tooth and vc [15,20,25,30,35,40,45] m/min 
7 holes with vc=40 m/min and fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/tooth 
 
For Cr-Co :   
7 holes with fz=0,04 mm/tooth and vc [8,10,15,20,25,30,35] m/min 
7 holes with vc=25 m/min and fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/tooth 
 
4.2.4.1.2 Drill test for DIXI polytools, Sphinx and Walter Titex 
For Ti6Al4V :   
10 holes with fz=0,04 mm/tooth and vc [10,15,20,25,30,35,40,45,50,55] m/min 
7 holes with vc=40 m/min and fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/tooth 
 
For Cr-Co :   
9 holes with fz=0,04 mm/tooth and vc [5,8,10,15,20,25,30,35,40] m/min 
7 holes with vc=25 m/min and fz [0,02;0,03;0,04;0,05;0,06;0,07;0,08] mm/tooth 
 
4.2.4.1.3 Observations 
Sphinx: Starting material: Cr-Co. In Cr-Co, from fz=0,07 mm/tooth, chip 
became long. No significant variation of the cutting force in case of machining 
Cr-Co.For Ti6Al4V, very long chip when feed was above 0,04 mm/tooth, bad 
chip evacuation, it stayed always in flutes of drill. Graphs could be found in 
Appendix B 1)  
 
DIXI: Starting material: Cr-Co. Good chip fragmentation for Cr-Co, for Ti6Al4V 
from fz=0,06 mm/tooth chip became long. Graphs could be found in Appendix 
B 2) 
 
Walter Titex: Starting material: Ti6Al4V. For machining Ti6Al4V, increasing 
length of chip, from fz=0,07, chip stayed in flutes of the drill.For Cr-Co, good 
chip fragmentation, last drilled hole in Cr-Co, the drill broke after 3rd pass. 
Graphs could be found in Appendix B 3) 
 
Mikron: Starting material: Ti6Al4V, small fragmented chip for both materials, 
for fz=0,08 mm/tooth long chip. Graphs could be found in Appendix B 4) 
 
    When drilling Ti6Al4V, with rising depth the thrust force rises too. An entry 
to a material is also accompanied with temporary increase of thrust force (Fig. 
4.30). This could be a remained chip at the bottom of the hole. Other 
explanation, found in teoretical part for drilling titanium, is a reduced hole 
diameter after previous pass, so when the tool plunges down, it has to cut the 
overplus.  
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Fig. 4.29: Cut instability DIXI, depth 3 mm  
 
 
Fig. 4.30: Cut instability DIXI, depth 6 mm 
 
Concerning the torque, there is a certain rising torque value, measured by 
dynamometer Kistler, before an entry to material (Fig. 4.31). This occurs 
principally when the hole depth became more important. Explanation is also 
the reduced hole diameter and so the cutting of overplus before an entry to 
material. 
 
 
Fig. 4.31: Example of rising torque value before entry to material, tool Sphinx 
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4.2.4.1.4 Comparison of cutting conditions  
    Values of minimal cutting speeds and feeds per tooth (including addition of 
10%) with associated specific cutting forces are in Tables 4.4, 4.5. 
Comparison of tool behaviour during test could be found in Appendix B 5). 
Values are taken with visual acquity and round-off to integer number. 
 
Table 4.4: Comparison of tools minimal cutting speeds  
Cr-Co 
 Sphinx DIXI Walter Mikron 
vcmin (m/min) 19 14 15 11 
Kc,f (MPa) 2055 2610 2900 2220 
Ti6Al4V 
 Sphinx DIXI Walter Mikron 
vcmin (m/min) 24 29 30 26 
Kc,f (MPa) 1870 2150 2180 1680 
 
Table 4.5: Comparison of tools minimal feeds per tooth  
Cr-Co 
 Sphinx DIXI Walter Mikron 
fzmin (mm/tooth) 0,039 0,046 0,042 0,042 
Kc,f (MPa) 2050 2050 2350 2050 
Ti6Al4V 
 Sphinx DIXI Walter Mikron 
fzmin (mm/tooth) 0,042 0,042 0,042 0,041 
Kc,f (MPa) 1650 1800 1750 1520 
 
    In almost all cases, Mikron and Sphinx proved to have significantly lower 
specific cutting energy progression than DIXI and Walter, so they were chosen 
for further testing. 
 
4.2.4.2 Tool life 
    The goal of this test was to see the general tool behaviour, progression of 
tool wear with number of drilled holes and so determine the tool with higher 
tool life. The tools investigated are Walter, Sphinx and Mikron, where Walter 
was used as starting tool. 
 
4.2.4.2.1 Tool life for Walter 
    Firstly, a drill from Walter Titex was chosen with material Ti6Al4V with 
cutting conditions vc=45 m/min, fz=0,05 mm/tooth. This choice was made to 
see the behaviour of the tool and the evolution of the wear with some cutting 
conditions to be able after to correct them for test for Sphinx and Mikron.  
    The cycle of drilling was the same as for COM test, so 8 mm depth with 
pecking cycles each 1 mm. The whole program was made for 30 holes with a 
dwell time of 5 seconds after each 10 drilled holes to be able to stop the 
machine and withdraw the tool to take a photo of principal flank under 
microscope to see a wear. Program is in Appendix A-2). Test was made in 
same oil bath with the same oil as for the COM test.  
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4.2.4.2.2 Observations
    Chip was long and remained always in the 
holes and no visually 
 
4.2.4.2.3 Tool life for Sphinx and Mikron
    Because of a good tool life
and Mikron the cutting conditions will be increased 
quicker. The wear is regarded not only on main flank, but more 
margin wear and wear of 
Cutting conditions: 
Cr-Co:   - vc=3
Ti6Al4V: - vc=50 m/min, f
    It should be known, that the drill was marked at one side with yellow colour 
so that the orientation for the photos under microscope should be kept always 
the same. The left side is alw
 
4.2.4.2.3.1 Tool life for Mikron
    From drilled depth 480 mm in Cr
became more significant. 
To evaluate clearly the wear progression on the margins when drillin
is difficult and almost impossible with obtained resources. Regarding the wear 
on margin, after drilled depth of 80 mm there are scratches lengthwise the 
both margins, from 320 mm
This transfert or build
again (Fig. 4.32). This fact was proved by SEM, where different areas with 
chemical composition of the drill were regarded
is not seriously damaged.
 
Fig. 4.32: Example o
the middle) and remained coating (lower part) on the 
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flutes of drill. But a
significant flank wear, the tests were stopped.
 
 of Walter, it were decided that
so the wear could be 
the outer corner.  
0 m/min, fz=0,06 mm/tooth 
z=0,07 mm/tooth 
ays flank number 1, the right side is number 2.  
 
-Co, the first outer corner broke and wear 
 
, a possibility of a material transfert is observed. 
-up edge is very instable so it falls off and reattaches 
 (Appendix D
 
f material transfert of Ti6Al4V (upper part), removed coating (in 
margin of the Mikron drill
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fter 180 drilled 
 
 for tools Sphinx 
specifically 
 
g Ti6Al4V 
 1)). Cutting edge 
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4.2.4.2.3.2 Tool life for Sphinx
    When drilling Cr
margin and the first
ability to evaluate numerically the
with visual aquity (Fig. 4.
and the explanation should be 
the same problem with material transfert is observed so the evaluation of 
margin wear progression couldn´t be done. Regarding a main flank, decrease 
of a first cutting edge is observed, so the wear evolution could
should be known that a geometry of Sphinx drill is not the same as the one for 
Mikron. There is a certain radius
to evaluate numerically the wear, the value of this radius 
SEM analysis proved that Cr
instable and damages tool
 
Fig. 4.33: Material transfert on
Fig. 4.34: Guidebord of margin wear evolution for Sphinx in Cr
0
20
40
60
80
100
120
140
160
180
0
W
e
a
r,
 μ
m
MASTER´S THESIS 
 
-Co, some material transfert was observed at 
 one was significantly worn. This was the only case of 
 wear progression on the margin, but always 
34). This could be caused by non equal cutting depth 
an asymetry of the drill.  When
 (Table 4.6) of the cutting edge
must be
-Co makes also material transfert whi
 (Fig. 4.37, Appendix D 2)). 
 Sphinx, coating is completely removed
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4.2.4.2.4 Comparison of Mikron and Sphinx drill 
    For both drills, drilling Cr-Co alloy did short chip, so very good chip 
fragmentation. In case of drilling Ti6Al4V, chip was long, very bad 
fragmentation and was stucked in the flutes. In case of drilling Sphinx into 
Ti6Al4V –tool correction was forgotten in z direction, so drilled depth was only 
5,319 mm. 
    Because of impossibility of evaluation the margin wear because of material 
transfert in almost all cases, only the flank will be regarded (Fig. 4.35, 4.36). 
Varying wear values are caused by visual aquity and possibility of material 
transfert on main flank too. All pictures of tool wear progression should be 
found in Appendix C. 
    Microscope photos after drilling last hole in each material are given in Table 
4.6. In all cases Sphinx is highly damaged. The final hole depth is not the 
same for all tools, Mikron made 80 mm more to Cr-Co and more than 400 mm 
to Ti6Al4V.  
 
 
Fig. 4.35: Comparison of flank wear into Cr-Co 
 
 
Fig. 4.36: Comparison of flank wear into Ti6Al4V 
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Table 4.6: Pictures of final wear of main flanks. 
 
Sphinx Mikron 
New tool 
  
Cr-Co  
 
 
Ti6Al4V 
 
 
 
 
4.2.5 Observations and conclusions 
    COM test identified the lowest value of cutting speed and feed per tooth for 
each tool. This value represents the highest tool life. The use of these cutting 
conditions could be in case of countries where the workforce is cheap and so 
the goal is to save money on tools and machine. In countries, where workforce 
is expensive, the price of tool become negligible, cutting conditions have to be 
increased and so time of machining is reduced at the cost of tools. Tool life 
test was done for two tools-Mikron and Sphinx. The drill from Mikron tools 
proved to have greater tool life for drilling Ti6Al4V.  According to results of 
SEM, after drilling of 1200 mm into Ti6Al4V, the coating is removed, but the 
lateral edge is not seriously damaged and the tool is able to continue to drill. 
Sphinx was seriously damaged after drilling two-thirds of this depth. But the 
advantage of Sphinx is that the value of vcmin for drilling Cr-Co is bigger (19 
m/min) than the one for Mikron (11 m/min). SEM analysis proved that Cr-Co 
and Ti6Al4V have tendency to make a build-up edge on the tool (Fig. 4.32, 
4.33, 4.38). This build-up edge damages seriously the tool coating because 
once it is formed and welded on the tool, after its removal it takes a coating 
 FME BUT 
 
with it (Appendix D
Mikron tools was chosen as the best suited for drilling the two materials most
used by ALPHA. The disadvantage to take in consideration when introducing 
industrially this drill is his almost doubled price (51,80 
(31,00 €).    
Fig. 4.37: Damaged cutting edge of Sphinx and values of wear
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€) compared to Sphinx 
s of material transfert of Ti6Al4V on margin
 
cutting speed from COM for Mikron into Cr
feed from catalog fz=0,015 mm/tooth, 8
one hole could be calculated by: [48] 
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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 .  
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$ . 1000
&. 
.  .  

1 # 8 # 1,63
50,05
 12,74 + 
(4.4) 
 
    The formula takes not in consideration the pecking cycles. It could be seen, 
that machining time of production of 1 hole through pillar by drilling with the 
minimal cutting conditions is strongly limited and takes about 12 seconds, 
contrary to 4-5 minutes which takes it by milling. 
    Finally an example of machining is made in PowerMILL. Cutting conditions 
for drilling (Fig. 4.39) are taken the same as for (4.4), cutting conditions for 
milling (Fig. 4.40) were taken from [49], an end mill (serie ZSLNR) with d=1,5 
mm was used for roughing with vc=60 m/min, fz=0,012 mm/tooth, ap=0,06 mm. 
A tool trajectory is optimalized constant z, a step is 0,05 mm. The hole is 
without a reduction for head of screw.  
 
 
Fig. 4.39: Machining time for 1 hole with drilling 
 
 
Fig. 4.40: Machining time for 1 hole with milling 
 
    With these conitions, final time of drilling is 18 s contrary to 2 min 09 s by 
milling. By taking a step 0,1 mm, time of machining is reduced to 30 s but the 
quality of hole decreases.  
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5  CONCLUSION 
 
This work describes dental parts and medical notions which are in the 
relationship with them. Description of biomaterials is made and examples of 
such materials are given. The proces of design and fabrication of these parts 
is explained. The use of software DentMILL when machining dental parts is 
described. In experimental part, two improvements of dental part making are 
done. First one is quality improvement of pillar interface by increasing a level 
of meshing of .stl part. Second one is the possibility of replacement the milling 
by drilling operation. Search for the best suited tool for drilling cobalt base and 
titanium alloy is made. For that two tests are done with 4 drills from different 
tool producers. First test helped to know lowest optimal cutting conditions. For 
second test only two tools, who proved lowest specific cutting force, were 
chosen. Using SEM, build-up edge formation was observed for both materials. 
As the best drill for that application, Mikron tool is chosen.  
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NOMENCLATURE 
 
Abbreviation
symbol 
Unit Signification 
AD [mm2] chip section 
AISI - American Iron and Steel Institute 
ap [mm] axial depth of cut 
ASTM - American Society for Testing and Materials 
CAD - Computer Aided Design 
CAM - Computer Aided Machining 
COM - Couple Outil-Matière (in French) Couple Tool 
Material 
d [mm] diameter of drill 
D [mm] diameter of shank 
f [mm] feed per revolution 
Fc [N] cutting force 
Ff [N] feed force 
fz [mm/tooth] feed per tooth 
fzmin [mm/tooth] minimal feed per tooth 
HA - Hydroxyapatite 
HIP - Hot Isostatic Pressing 
HSS - High Speed Steel 
Kc [MPa] specific cutting force 
Kc,c [MPa] specific cutting force associated to the torque 
Kc,f [MPa] specific cutting force associated to the feed 
L [mm] total drilling length  
l [mm] drilling length 
Leff [mm] flute length 
ln [mm] descent length  
lp [mm] cross-over length 
Ltot [mm] overall drill length 
Mc [Nm] cutting moment 
N [min-1] spindle revolution 
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NC - Numerical Control 
PMMA - Poly(methyl methacrylate) 
SEM - Scanning electron microscopy 
SME - Shape Memory Effect 
Rm [MPa] Tensile strength 
Rp 0,2% [MPa] Minimum proof strength 
rβ [µm] nose radius 
STL - STereoLithography 
tAS [s] machining time 
UHMWPE - Ultra-high molecular-weight polyethylene 
VAT - Value Added Tax 
VB [μm] flank wear 
vc [m/min] cutting speed 
vcmin [m/min] Minimal cutting speed 
z - number of teeth 
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